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We report on the observation of a circular photogalvanic current excited by terahertz (THz) laser
radiation in helical edge channels of HgTe-based 2D topological insulators (TIs). The direction of the
photocurrent reverses by switching the radiation polarization from right-handed to left-handed one
and, for fixed photon helicity, is opposite for the opposite edges. The photocurrent is detected in a
wide range of gate voltages. With decreasing the Fermi level below the conduction band bottom, the
current emerges, reaches a maximum, decreases, changes its sign close to the charge neutrality point
(CNP), and again rises. Conductance measured over a 7µm distance at CNP approaches 2e2/h, the
value characteristic for ballistic transport in 2D TIs. The data reveal that the photocurrent is caused
by photoionization of helical edge electrons to the conduction band. We discuss the microscopic
model of this phenomenon and compare calculations with the experimental data.
PACS numbers:
The quantum spin Hall (QSH) effect occurs in two-
dimensional topological insulators and rests on the exis-
tence of conducting helical edge states while the bulk of
the two-dimensional system is insulating [1–4]. In con-
trast to the quantum Hall effect, the formation of these
edge states requires no magnetic field B: they stem from
the band inversion caused by strong spin-orbit interaction
and are, due to the absence of B, topologically protected
by time reversal symmetry. Given that the spin-up and
spin-down electrons propagate along an edge in the op-
posite directions, i.e., the spin projection is locked to the
k-vector, the edge channels are helical in nature. The
first experimental evidence for the QSH effect was ob-
tained in HgTe quantum wells (QWs) [5] by observing
a resistance plateau around h/(2e2) in the longitudinal
resistance of a mesoscopic Hall bar. Here, h is Planck’s
constant and e is the elementary charge. This obser-
vation was further confirmed by non-local experiments
both in the ballistic [6] and diffusive [7] transport regime.
Conducting edge channels were later probed by scanning
squid microscopy [8], scanning gate microscopy [9], mi-
crowave impedance microscopy [10], and by analyzing the
spatial distribution of super-currents [11]. The spin po-
larization of the edge states was investigated so far by
electrical means only: by detecting the spin to charge
conversion in devices utilizing the inverse spin Hall ef-
fect [12] or with ferromagnetic contacts [13].
Here, we use circularly polarized THz radiation to
excite selectively spin-up and spin-down electrons cir-
cling clockwise and counter-clockwise around the sample
edges. We show that the selective excitation causes an
imbalance in the electron distribution between positive
and negative wave vectors. This is probed as the as-
sociated photocurrent, which reverses its direction upon
switching the helicity of the radiation polarization.
FIG. 1: Cross section (a) and geometry (b) of the stud-
ied structures. (c) Experimental setup of the photocurrent
measurement. Arrows along edges illustrate spin polarized
current excited by circularly polarized radiation. (d) Conduc-
tance measured for sample #1, showing ballistic transport in
the vicinity of CNP.
The experiments have been carried out on high-
mobility Hg0.3Cd0.7Te/HgTe/Hg0.3Cd0.7Te single QW
structures with a well width Lw = 8 nm, having the
inverted band ordering [4, 5]. The structures were grown
by molecular beam epitaxy on (013)-oriented GaAs sub-
strates [14, 15], the corresponding layer sequence is shown
in Fig. 1(a). Several samples have been prepared from
the same wafer. The typical Hall bar design, dimensions,
and the ohmic contacts positions on the device are shown
in Figs. 1(b) and (c). This geometry allows us to study
both, magneto-transport and photocurrents induced by
THz radiation along the circumference of a sample.
The devices have been patterned by means of photo-
lithography and reactive ion inductively coupled plasma
2etching with hydrogen. In order to vary the Fermi level
position the devices are equipped with semitransparent
Ti(15 nm)/Au(5 nm) gates on top of a 200 nm SiO2 layer
grown by chemical vapour deposition. All samples have
been characterized by transport measurements with cur-
rents in the range of 10−100 nA. The mobility measured
at T = 4.2 K is about 105 cm2/(V s) at the QW carrier
density of 3·1011 cm−2 at zero gate voltage.
Figure 1(d) shows the 4-terminal conductance at 4.2K
measured for the voltage drop between the contacts 4 and
5 and the current flowing between the contacts 1 and 6.
It demonstrates the conductance quantization close to
2e2/h, i.e., the system is tuned into the QSH regime.
The conductance around 2e2/h is only detected for the
closest contact pairs 4-5 and 7-8 (the contact spacing is
2.8µm and the edge length is about 7µm). For contact
pairs with larger separation, e.g. for the contact pair 3-4,
the conductance ranges between 2e2/h and e2/h. For dif-
ferent sample cool-downs, the CNP can occur at different
gate voltages. This is caused by the to cool-down depen-
dent charge trapping in the insulator. While we find the
CNP sometimes shifted, the overall behavior of the sig-
nals remains unchanged. To compare the measurements
taken at different sample cool-downs we plot the data as
a function of the normalized gate voltage Vg−VCNP with
VCNP being the gate voltage of CNP.
We excite photocurrents by applying circularly polar-
ized THz radiation of a continues wave (cw) molecular
laser [16, 17] under normal incidence. Two radiation
frequencies f were chosen: (i) f = 2.54 THz with the
photon energy h¯ω = 10.4meV and (ii) f = 1.62 THz
with h¯ω = 6.7meV. The laser beam with the power
P ≈ 10mW and an almost Gaussian profile, measured
by a pyroelectric camera [18], is focused onto a spot of
about 1.5mm diameter, thus illuminating the whole sam-
ple. The radiation intensity I ≈ 0.6W/cm2 is modulated
by an optical chopper at the frequency 600 Hz. To create
right-handed (σ+) and left-handed (σ−) circularly polar-
ized radiation λ/4 plates are used. We study the photo-
signal generated in the sample by measuring the voltage
drop U across a load resistanceRL, see Fig. 1(c), by using
two electrical measurement configurations and standard
lock-in technique: (i) RL = 50Ω with RL ≪ Rs, where
Rs is the sample resistance or (ii) RL ≫ Rs. In the
former case the photocurrent is given by J = U/RL. All
experiments are performed at liquid helium temperature.
When illuminating an unbiased devices with circularly
polarized radiation we detect a photovoltage U between
any pair of contacts along the same edge. The depen-
dence of the photovoltage U89, measured between the
contacts 8 and 9 at one edge of the sample, on the gate
voltage is shown in Fig. 2(a). The central observation is
that the polarity of U89 changes upon changing the polar-
ization from σ+ to σ−. Furthermore, the helicity depen-
dent signals defined as U c = [U(σ+)−U(σ−)]/2, plotted
in Fig. 2(b), show consistently different polarity for con-
FIG. 2: (a) Photovoltage excited by right-handed (σ+, full
circles) and left-handed (σ−, open circles) circularly polarized
radiation and measured between contacts 8 and 9 (see inset)
as a function of the gate voltage. (b) Photon helicity sensitive
photoresponse, Uc = [U(σ+)−U(σ−)]/2, obtained for sample
#2 for two opposite edges as a function of gate voltage. Full
and open circles show the photoresponse U16 excited by σ
+
and σ− radiation and measured over the whole sample.
tacts pairs on the opposite sides of the sample. This
indicates that the photoresponse stems from a photocur-
rent flowing along the edges of the sample. The sense of
circulation of the photocurrent depends on the photon
helicity. Measurement of U16 across the sample, between
the contacts 1 and 6, shown in Fig. 2(b), confirms this
scenario: the signals are vanishingly small, which is as-
cribed to the compensation of the counter propagating
currents generated along the opposite edges. Interest-
ingly, the signs of the voltages caused by the edge pho-
tosignal reverse at the gate voltage between 0 and 0.5 V
heralding that the sense of circulation of the edge current
changes as a function of the gate voltage, see Fig. 2(b).
The measured circular photocurrent Jcx = [J(σ
+) −
J(σ−)]/2, obtained for RL ≪ Rs, is displayed in
Figs. 3(a) and (c) and exhibits similar behavior. The
data are shown for two THz frequencies corresponding
to h¯ω = 10.4meV (panel a) and h¯ω = 6.7meV (panel
c), i.e., the photon energies smaller than the bulk gap.
The fact that edge currents at the opposite sides of the
sample have, in contrast to bulk currents, opposite po-
larities allows us to refine the edge current contribution
Jcedge by subtracting the currents measured at the oppo-
site sides, Jcedge = (J
c
43−J
c
89)/2. The corresponding data
are shown in Figs. 3(b) and (d). By summing up the cur-
rents, JcQW = (J
c
43+J
c
89)/2, we obtain the bulk contribu-
tion which is shown in the inset of Fig. 3(d). Remarkably,
the sign of the edge current Jcedge changes twice: at a gate
voltage close to the CNP and at Vg − VCNP ≈ 2V, while
the bulk contribution JcQW is noticeable only for larger
gate voltages. The central result so far is that we can
selectively excite left- and right-moving edge currents by
3FIG. 3: (a) and (c): Circular photocurrents Jcx = [J(σ
+) −
J(σ−)]/2 obtained for RL ≪ Rs for two contact pairs at the
opposite edges, see inset in panel (a). Black solid curves show
the sample resistance measured between the contacts 3 and 4.
(b) and (d) Edge and QW bulk (inset) contributions.
FIG. 4: Schematic picture of optical transitions for right-
handed circularly polarized radiation and the photocurrent
formation for two positions of the Fermi level EF in the bulk
gap. kx is the wave vector along the sample edge. Region II:
EF is below the conduction-band bottom Ec and Ec − EF <
h¯ω. Region III: EF is close to the valence band top.
means of the helicity of circularly polarized radiation, in
accordance with the helical nature of these states. Below
we resort to a microscopic model to understand the origin
of the photocurrents in the different gate voltage regions,
marked by I to III in Fig. 3(b). Region II corresponds to
the gate voltages between the nodes of the photocurrent,
whereas regions I and III correspond to gate voltages
above and below the borders of the region II. Note that
the border between region II and III is close to the CNP.
In region I, i.e., at Vg − VCNP > 2 V, the Fermi level
lies in the conduction band, as it follows from transport
measurement, see the resistance Rxx in Fig. 3(b). In this
region, both bulk and edge photocurrents are formed by
conduction-band carriers. The reduced symmetry at the
sample edges results in an asymmetric scattering of car-
riers causing an edge current with the direction deter-
mined by the helicity of the THz field. This mechanism
has been explored before in graphene and other 2D ma-
terials [19, 20] and is also active here.
If EF is in the bulk gap the above mechanism is
no longer effective and the presence of topological edge
states needs to be taken into account to explain the cur-
rent formation. Figure 4 illustrates the linear dispersion
of helical edge states between the schematic valence and
conduction band. The branches of the dispersion are spin
polarized as marked by arrows in panel (a). The edge
states with the positive velocity along x direction are
formed mainly from |E1,+1/2〉 and |H1,+3/2〉 subbands
and have pseudospin s = +1/2 (spin-up branch) [21, 22].
Counter propagating electrons have s = −1/2 (spin-down
branch) and these edge states are mainly formed from
|E1,−1/2〉 and |H1,−3/2〉 subbands.
The Fermi level crosses the bottom of the conduc-
tion band and enters the bulk gap at gate voltage about
2V. This corresponds to region II displayed in Fig. 4(a).
While the bulk photocurrent ceases, see the inset of
Fig. 3(d), the edge photocurrent changes polarity, rises,
and exhibits a maximum at Vg − VCNP ≈ 1 V. From
the facts that in region II EF is in the bulk gap and
the photon energy is smaller than the band gap we con-
clude that the observed current is caused by the exci-
tation of electrons from helical edge states into higher
lying states. Different optical transitions are conceivable
including those between the edge and bulk states, direct
optical transitions between the spin-up and spin-down
branches of the linear edge-state spectrum, and indirect
transitions. Comparing the efficiencies of all the above
processes [23] we attribute the circular edge photocur-
rents observed in the region II to the excitation of elec-
trons from helical edge states to bulk conduction-band
states (“photoionization” of the edge channels) [24, 25].
The generation of circular photocurrents via the edge-
to-bulk excitation is schematically shown in Fig. 4(a). It
involves similar physical concepts as used for describing
photocurrents due to inter-subband transitions in semi-
conductor QWs [26]. Vertical arrows in Fig. 4 represent
the photoionization of helical states, i.e., the depopula-
tion of Dirac states and population of excited bulk states.
The arrows end above the conduction band bottom illus-
trating the transitions to bulk states with nonzero trans-
verse wave vectors ky. For the excitation with circularly
polarized radiation, e.g., σ+, the probability of optical
transitions from the states with s = 1/2 is larger than
those involving the states with s = −1/2. This is illus-
trated in Fig. 4(a) by arrows of different thicknesses. The
resulting imbalance of the edge-state populations leads to
a net electric current Jc (horizontal solid arrow). For in-
cident radiation of the opposite helicity σ−, the optical
4transitions from the spin-down states dominates and the
photocurrent reverses its direction.
The described above selection rules for the edge-to-
band optical transitions can be written as
g+1/2(kx)− g−1/2(−kx)
g+1/2(kx) + g−1/2(−kx)
= KPcirc , (1)
where g±1/2 are the probabilities of optical transitions
from the initial state with s = ±1/2, K is the coefficient
describing the rigidity of the selection rules, and Pcirc
is the radiation helicity. Our calculations show that K,
determined by the band structure parameters, depends
only weakly on kx and the photon energy h¯ω. In a simple
4-subband model with inversion center, the coefficient K
at kx = 0 is given by 2BD/(B
2 +D2), Ref. [24], where
B and D are the parameters of the Bernevig-Hughes-
Zhang (BHZ) Hamiltonian [2]. Note that the photoex-
cited carriers in the conduction band also contribute to
the photocurrent but this contribution is small due to
fast momentum relaxation τp of bulk carriers.
The edge photocurrent based on the above photoion-
ization picture requires that the initial states of the opti-
cal transitions are occupied and the final ones are empty
and that the energy conservation holds. The correspond-
ing energetic window is given by Ec−h¯ω < EF < Ec+h¯ω.
In real structures, the window is broadened due to inho-
mogeneities of the structures. Nevertheless, the range
of Fermi levels and, respectively, the range of gate volt-
ages for which this photocurrent is efficiently generated
increases with increasing the photon energy h¯ω. Ex-
actly such a behavior is observed in experiment, see
Figs. 3(b),(d) and Fig. 5(a).
Calculations within the relaxation time approximation
yield the following expression for the edge photocurrent
jx = −
eKPcirc
2pih¯
∫
τp(ε)gtot(ε)dε , (2)
where e is the electron charge, τp is the momentum re-
laxation time determined by backscattering processes for
edge carriers, gtot(ε) = g+1/2 + g−1/2 is the total rate of
photoionization of electrons with the energy ε by circu-
larly polarized radiation. Here, we assume that the spin
relaxation of bulk carriers is fast and, therefore, photoex-
cited carriers get unpolarized before they are trapped
back on helical edge states. This means that the depop-
ulation of edge states determines the photocurrent.
Figure 5 compares the calculated photocurrents with
the measured ones for the photon energies h¯ω = 6.7
and 10.4 meV, magnified view of the data shown in
Figure 3(b) and (d). In the calculations, displayed in
Fig. 5(b), we assume that τp(ε) is a step-like function:
τp = 20 ps for energies in the band gap, which is esti-
mated from the length of ballistic transport edge ∼ 7 µm
in our devices and the edge state velocity ∼ 107 cm/s,
and τp = 0.3 ps for energies above the conduction band
FIG. 5: (a) Circular edge photocurrents measured between
the nodes of the gate dependencies. (b) Calculated edge pho-
tocurrents as a function of the Fermi level position EF counted
from the Dirac point.
bottom, which is estimated from the bulk mobility. It
is seen that with a decrease of the radiation frequency
the photocurrent peak narrows. Figure 5(b) shows that
the theory describes the dependence of the photocurrent
on the gate voltage and the radiation frequency quite
well. Moreover, the calculated magnitude of the current
is close to the experimental values.
Finally, we discuss region III. This region corresponds
to negative gate voltages where EF is shifted towards
the valence band which in 8-nm-wide QWs has a quite
complex structure. Similarly to region II, we attribute
the observed photocurrent, which has the opposite sign,
to optical transitions from the valence-band states to the
helical edge states, see Fig. 4(b). This mechanism of pho-
tocurrent formation is essentially the same as in region
II. The only difference is that the initial states are now in
the valence band and the final ones are edge states. The
question, though, is why the photocurrent direction re-
verses. To describe the current direction for a given helic-
ity correctly one needs to assume that the selection rules
for optical transitions are reversed, i.e., the transitions to
the s = +1/2 edge states occur now dominantly for right-
handed circularly polarized radiation. This, however, is
at odds with the simple BHZ model Hamiltonian. In
fact, this is not surprising. The valence-band structure
of 8-nm-wide HgTe QWs is known to be strongly affected
by the closely lying excited |H2〉 subband not included
in the BHZ model, which results in a non-monotonic dis-
persion of the hole states and the formation of side max-
ima [27]. The current reversal may be also related to a
strong energy dependence of the momentum relaxation
time. A calculation of the optical transitions and the
photocurrent requires the detailed knowledge of the real
band structure and optical transitions beyond the BHZ
model and will be done elsewhere.
To summarize, our results demonstrate that excitation
of HgTe-based 2D TIs by circularly polarized THz radi-
ation results in a spin polarized dc electric current flow-
ing in helical edge channels. This observation provides a
novel access for probing spin transport in TIs.
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